Abstract Noncovalent interactions play an important role in many biological and chemical processes. Among these, hydrogen bonding is very well studied and is already routinely used in organocatalysis. This Short Review focuses on three other types of promising noncovalent interactions. Halogen bonding, chalcogen bonding, and anion-π bonding have been introduced into organocatalysis in the last few years and could become important alternate modes of activation to hydrogen bonding in the future.
Introduction
For a long time, chemists focused their research on covalent bonding and developed an impressive collection of organic transformations converting functional groups into each other. These covalent bonds are formed by an orbital overlap of two electron shells, which results in an increased electron density between them. 2 As the best overlap is obtained for short interatomic distances, covalent bonds (involving carbon atoms) are usually below 2.0-2.5 Å. In contrast, noncovalent interactions differ from the covalent bond because no electron pairs are shared between the two fragments. As a consequence, noncovalent bonds are usually significantly longer and can reach up to 10-100 Å, e.g., in biomacromolecules. 3 Given that noncovalent interactions play an important role in different areas of chemistry (e.g., in biomolecules such as DNA and in molecular recognition processes), it is not surprising that these interactions have gained significant interest also in organic catalysis over the last decades. 3 The best-researched type of noncovalent interactions is probably hydrogen bonding, which plays a key role in various fields.
3,4 Hydrogen bonding is routinely used today in
In the last decade, noncovalent interactions such as halogen or chalcogen bonding have gained more interest in different fields in chemistry including supramolecular chemistry and biochemistry. 5 Various experimental and computational investigations showed that these interactions can be comparable in strength to hydrogen bonding. As a consequence, it is highly desirable to introduce these binding phenomena into catalysis. To date, many groups have reported on the successful application of these noncovalent interactions in catalysis. Based on the success story of hydrogen-bond catalysis, it can be envisioned that other noncovalent interactions will also play an important role in future catalytic concepts.
In this Short Review, we will focus on three noncovalent interactions (halogen bonding, chalcogen bonding, anion-π bonding) and describe their recent advances in noncovalent catalysis. Thereby, we will focus on selected reactions and their mechanistic details that demonstrate the applicability of these interactions in catalysis instead of providing a comprehensive summary. For each interaction, we will briefly discuss the origin of the underlying interaction and analyze its typical strength, before catalytic applications are discussed.
Halogen Bonding

Origin of Halogen Bonds
Halogen bonds, which are noncovalent interactions between the electrophilic region of a halogen atom and a Lewis base, 6 were first observed in ammonia-iodine complexes in 1814. 7 Guthrie later reported in more detail on the composition of these complexes and suggested a 1:1 complex. 8 Mulliken concluded in his analysis that these complexes are held together by charge-transfer processes, 9 and computational investigations support the picture of a partial n→σ* electron transfer. 10 However, another possible explanation can be based on electrostatic interactions. Theoretical investigations revealed an anisotropic distribution of electron density around the halogen atoms that leads to an electropositive region along the bonding axis, the so-called σ-hole.
11 The magnitude of the σ-hole typically increases within the series F → I (see Figure 1 for an example). Lewis bases can now interact with this electropositive region, which results in a halogen bond.
In contrast to hydrogen bonds, halogen bonds are usually highly directional. The R-Hal···LB angles close to 180° can be explained by the repulsive interaction of the lone pairs of the Lewis base and those of the halogen atom.
12
Thermodynamic Data
For a successful application in organic synthesis and catalysis, a thorough understanding of interaction strengths, solvent effects, and cooperativity is typically required. The first comprehensive Lewis basicity scale for halogen bonding was published in 2011 and includes hundreds of complexation reactions of molecular iodine with various Lewis bases. 13 Although this pK BI2 scale only contains one halogen-bond donor (I 2 ), the interaction energies fall within a 40 kJ mol -1 range and allow a rough analysis of halogenbond acceptors. Similar investigations on the nature of the halogen-bond acceptor have also been performed for other halogenated species. Among others, pentafluoroiodobenzene, 14 perfluorinated iodooctane, 14 and p-nitro(iodoethynyl)benzene 15 have all been studied with various Lewis bases (Table 1) . Although the complexation energy for iodine and quinuclidine is one of the largest for neutral halogen-bond donors (ΔG = -30 kJ mol -1 ), most interactions involving these neutral halogen-bond donors are typically relatively weak (0-10 kJ mol -1 ). Nevertheless, these complexation energies indicate that the binding affinities of halogen-bond acceptors increase in the order C=O < S=O < P=O < quinuclidine. A remarkably strong halogen bond was recently reported between various pyridine N-oxides and N-iodosaccharin in CDCl 3 (ΔG = -24 kJ mol -1 ).
16
Figure 1
Calculated electrostatic potential of F 3 C-X with X = F, Cl, Br, and I on the 0.001 au isodensity surface (M06-2X-D3/aug-cc-pVTZ; aug-cc-pVTZ-PP for I and Br) M. Breugst et al.
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In most studies on thermodynamics published so far, the analysis of halogen-bond donors concentrated mainly on comparing structurally related compounds. For example, very good correlations between the association energies and Hammett's substituent constant σ have been observed for the reactions of differently substituted iodoethynes (R-C≡C-I) and diethylacetamide, 17 or for a series of para-substituted (iodoethynyl)benzenes (Ar-C≡C-I) and quinuclidine. 15 In contrast, slightly worse correlations have been observed for the reactions of p-substituted tetrafluoroiodobenzenes with Bu 3 PO.
14 Therefore, the substituents (even in a remote position) had a significant effect on the interaction energies and the corresponding σ-holes in all cases. In contrast to neutral halogen-bond donors, the interaction energy significantly increases, when positively charged halogen-bond donors (e.g., 2-haloimidazolium salts) are employed. Based on isothermal calorimetric titrations, the interaction between the 2-iodo-1,3-dimethylimidazolium ion and chloride is highly attractive (ΔG = -20.5 kJ mol -1 ; Figure 2) . 18 This halogen bond is significantly stronger than most of those discussed in Table 1. 13a Interestingly, chloride binds better to this monodentate halogen-bond donor compared with Schreiner's thiourea. Structurally related bidentate halogen-bond donors resulted in even more exergonic reactions (ΔG = -33.2 kJ mol -1 ; Figure 2 ), which indicates that halogen bonding can be comparable in strength to hydrogen bonding. 18 The number of experimentally determined association constants for halogen-bonded complexes in different solvents remains limited. Several investigations indicate that the association constant varies by 1-2 orders of magnitude in different solvents. 14, 18, 19 However, different conclusions regarding the ideal solvent for halogen bonding can be drawn: Based on the interaction between iodine and tetramethylthiourea, dichloromethane is among the best solvents, 19b whereas the same solvent is less suitable compared with other solvents when the interactions between 10 and chloride is considered.
19a Goroff and co-workers investigated the coordination of iodoalkynes to various Lewis bases by 13 C NMR spectroscopy and compared the observed chemical shifts with different empirical parameters. 20 Based on these correlations, the authors concluded that solvent basicity is a better model than solvent polarity to predict the strengths of halogen bonds. In general, the influence of the solvents is still hard to predict and interpret at this point and further investigations are clearly needed.
In summary, the thermodynamic data indicate that halogen bonds can be comparable to hydrogen bonding under certain conditions. Strong halogen-bond donors typically feature a positive charge, electron-withdrawing substituents, and/or allow polydentate binding.
Application in Synthesis and Catalysis
One of the simplest halogen-bond donors, molecular iodine, has been used as a catalyst for many different transformations for more than 100 years. After the initial discovery of the iodine-catalyzed dehydration reaction of diacetone alcohol by Hibbert in 1914, 21 the catalytic potential of iodine has been applied to various reactions. 22 For a long time, the origin of the catalytic activity was unknown and not associated with halogen bonding, as iodine can decompose under the reaction conditions and yield hydrogen iodide. 23 However, recent computational and experimental investigations suggest that the mode of action in iodine catalysis is indeed halogen bonding and that a hidden Brønst-ed acid catalysis 24 is very unlikely. 
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In 2008, Bolm and co-workers reported the first experimental application of halogen bonding in catalysis. 1-Iodoperfluoroalkanes (and to a lesser extent also 1-bromoperfluoroalkanes) catalyze the reduction of 2-substituted quinolines with a Hantzsch ester (Scheme 1). 26 High yields can be obtained when 10 mol% of the catalyst was employed, whereas no reaction took place in the absence of the catalyst. However, the addition of either 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) or a proton sponge [1,8-bis(dimethylamino) naphthalene] inhibited the catalytic reaction. As these compounds can either form halogenbonded complexes or indicate a Brønsted acid pathway, the underlying reaction mechanism remains unclear in this case.
Tan and co-workers picked up this reaction in 2014 employing different bidentate iodinated dihydroimidazolines as catalysts (Scheme 1). 27 Quantitative reduction of the parent quinoline could be achieved with 10 mol% 1 within one hour. The much lower activity of the deiodo analogue 2 indicated that halogen bonding is important for the catalytic activity. Interestingly, the monodentate halogen-bond donor 3 is also highly active, requiring slightly longer reaction times (91% after 3 h). Additional NMR experiments further support the assumption of a halogen-bond activation.
In a systematic approach, Huber and co-workers synthesized several polydentate halogen-bond donors in the last years ( Figure 3) . 28 To achieve strong noncovalent interactions, multidentate structures were chosen that additionally feature positive charges or perfluorination. Over the last years, these compounds have successfully been applied in many different reactions.
As halide anions strongly bind to these (and related) polydentate halogen-bond donors, the activation of carbon-halide bonds seemed an ideal candidate for applications in organic chemistry. In 2011, Huber and co-workers reported on the halogen-bond induced Ritter-type reaction of benzhydryl bromide and acetonitrile (Scheme 2, top). The addition of 1 equivalent of the halogen-bond donor 4 leads to an almost quantitative reaction within 96 hours. Control experiments exclude the possibility of a hidden Brønsted acid catalysis and indicate a bidentate binding of the substrate to the halogen-bond donor. Given that other structures of Figure 3 can replace 4 as the initiator in these reactions (Scheme 2), 28b,28c a broader applicability seemed feasible. In another recent example, glycosyl halides could be activated by halogen bonding, relying on the cationic donor 4. 29 Besides cationic halogen-bond donors, neutral perfluorinated aryl iodides can also activate carbon-halogen bonds (Scheme 2, bottom).
28d Compound 10 (10 mol%) successfully catalyzes the reaction between 1-chloroisochromane and a silyl ketene acetal (91%, 12 h, -78 °C).
From a mechanistic perspective, the halogen-bond donor coordinates to the halogen atom of the substrate and weakens the corresponding carbon-halogen bond. This Scheme 1 Halogen-bond-catalyzed reduction of quinolines 26, 27 
leads to an easier fission of that bond and the corresponding nucleophile (e.g., CD 3 CN, silyl ketene acetal) attacks the intermediate carbocations.
The halide-abstraction reactions described above inspired Takemoto and co-workers to employ iodine(I) compounds as reagents in a semipinacol rearrangement (Scheme 3). 30 While structures with a C-I bond (i.e., the typical halogen-bond donors discussed above) turned out to be inactive, N-iodosuccinimide or N-iodosaccharin were efficient reagents for this reaction. However, the underlying mechanistic pathways remain unclear. The authors propose an initial halogen-bond interaction between the benzyl bromide and the N-I bond of the halogen-bond donor that eventually generates a benzyl cation. Subsequently, the N-I bond is also broken and I-Br is formed. The saccharin anion could then be involved in the desilylation process. Given that the C-I bond is much stronger than the N-I bond, 31 it is, therefore, not surprising that halogen-bond donors with C-I bonds are inactive in this reaction.
Besides the activation of carbon-halogen bonds, halogen bonds can also be used for the activation of carbonyl groups and related imines. Huber and co-workers showed in 2014 that a bidentate 2-iodoimidazolium-based system accelerates the Diels-Alder reaction of cyclopentadiene and but-3-en-2-one (Scheme 4). 32 Interestingly, a strong dependence of the counterion was observed in these reactions. Triflate salts resulted in no rate enhancement compared with the uncatalyzed reactions, and only salts of the weakly coordinating B[3,5-(CF 3 ) 2 Similar to the Diels-Alder reaction described by Huber and co-workers, Takeda, Minakata, and co-workers successfully applied halogen-bond activation to an aza-Diels-Alder reaction (Scheme 5). 33 2-Haloimidazolium ions (5 mol%) are highly active catalysts for the reactions of aldimines and Danishefsky's diene. A hidden Brønsted acid catalysis caused by hydrolysis of the imidazolium salt could be ruled out experimentally and an iodine-free catalyst was completely inactive. Interestingly, kinetic analysis by 1 H NMR spectroscopy revealed an unexpected result when the halogen atom in the 2-position was varied. 2-Bromoimidazolium salts were more reactive than their chloro and iodo analogues, which deviates from the typical pattern observed for the strengths of the halogen bond (I > Br > Cl).
12a-c However, experimentally determined equilibrium constants for the reactions of 2-haloimidazolium salts and N-phenylbenzaldimine confirmed this unusual reactivity order (Br > Cl > I). Probably, other noncovalent interactions such as cation-π or dispersion interactions are also involved in this process.
Scheme 5 Halogen-bond-catalyzed aza-Diels-Alder reaction (TMS = trimethylsilyl) 33 Very recently, Sekar and co-workers reported on a halogen-bond catalyzed aldol-type condensation under solventfree conditions (Scheme 6). 34a CBr 4 (20 mol%) efficiently catalyzed the reaction between substituted acetophenones and benzaldehydes yielding chalcones. The catalyst could be re-isolated at the end of the reactions and UV/Vis and IR spectroscopy indicated a halogen-bond interaction between the aldehyde and CBr 4 .
The first approach towards enantioselective catalysis was reported in 2017 by Arai and co-workers. 34b A chiral bis(imidazolidine)iodobenzene induced up to 65% ee in the reaction of thiosalicyl aldehyde and nitroalkenes (Scheme 7).
In conclusion, halogen bonding, which is a binding phenomenon that has been neglected for a long time, has found its way into organocatalysis. Many proof-of-principle reactions are already known today but there are also many open questions: We are still in need of a larger variety of suitable catalyst structures and, so far, only one halogenbond-induced enantioselective reaction has been reported. 34b However, the examples discussed above indicate that we are on the right track to achieve these challenges in the future.
Chalcogen Bonding Origin of Chalcogen Bonds
Compared with the well-known and intensively investigated hydrogen 3,4 and halogen bonding, 12 chalcogen bonding is a more recent field of noncovalent interaction that also plays a role in biological systems and crystal design. 35 In general, a chalcogen bond is a noncovalent interaction formed between a chalcogen atom (e.g., S, Se, Te, Po, but usually not oxygen) as the Lewis acid (chalcogen-bond donor) and a Lewis base (e.g., N, O) as the chalcogen-bond acceptor. 36 Similar to halogen bonds, these interactions have already been observed more than 50 years ago in crystal structures: for example, the S···O distances in 2-(2-chlorobenzoylimino)-1,3-thiazolidine and 3-benzoylimino-4-methyl-1,2,4-oxathiazane are 2.68 and 2.24 Å, respectively, which is considerably less than the sum of the van-derWaals radii of 3.3 Å. 37 As for halogen bonding, the origin of the chalcogen bond can be described by using the σ-hole concept by Clark, Murray, Politzer and others.
11,38 Due to an anisotropic elec- 
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tron distribution, a region of positive electrostatic potential is formed along the extension of the bond (σ-hole) as well as a negative electrostatic potential on its equatorial sides (nucleophilic belt). In contrast to halogen bonding (e.g., in CF 3 -I; Figure 1 ), the sp 3 -hybridized selenium compound (F 3 C) 2 Se possesses two σ-holes, which are located perpendicular to the two lone pairs (Figure 4) . 36b Both σ-holes show a positive electrostatic potential and can act as Lewis acids. In contrast, the sp 2 -hybridized F 2 C=Se displays only one σ-hole (Figure 4 ) and consequently, a higher directionality and stronger interactions can be expected for these species. 
Thermodynamic Data
The strength of the chalcogen bond depends on the electronegativity of the substituents adjacent to the chalcogen atom and can be comparable to hydrogen and halogen bonds.
36a,39 So far, only few investigations set out to determine association constants experimentally. Based on a series of NMR analyses, Tomoda and co-workers estimated the association energy to be ca. 10-80 kJ mol -1 for Se-N interactions 40 and 8-28 kJ mol -1 for Se-O interactions. 41 Experimental investigations indicate that the strength of the chalcogen bond increases within the group (O < S < Se < Te). 40 A comparison of the interaction energies of thiophenolate complexes revealed that 3,4-dicyano-1,2,5-telluradiazole (ΔG < -46 kJ mol -1 ; Figure 5 , left) formed stronger chalcogen bonds in tetrahydrofuran (THF) than the corresponding selenadiazole (ΔG = -28 kJ mol -1 ; Figure 5) . 42 This trend is also confirmed by computational investigations of Frontera and co-workers.
36b From the comparison in Table  2 , one can conclude that the strength of the interaction increases for benzene-chalcogen and trimethylamine-chalcogen complexes when heavier chalcogen atoms are involved.
In a similar investigation involving substituted benzotelluradiazoles, experimentally determined interaction energies correlated well with the computed electrostatic potential at the tellurium center. 43 The interaction energy determined for a perfluorinated benzotelluradiazole-chloride complex ( Figure 5 , right) falls within a comparable range for chloride binding by electron-deficient N,N-diarylureas 44 and indicated once again that this noncovalent interaction can be comparable to hydrogen bonding (see also Figure 2 ). Only a small change in the association constant was observed in this investigation when the solvent was varied, but more data is required to draw a general conclusion.
However, most studies on the strengths of these interactions concentrated on computational investigations employing only small molecules. For example, Adhikari and Scheiner analyzed the interaction energies for the complexes of substituted thiols RSH and NH 3 using MP2/aug-ccpVDZ ( Figure 6 ). 45 Weak to medium interactions (4-33 kJ mol -1 ) have been calculated for the different structures. As expected from the similar halogen bonds (see above), electron-withdrawing substituents such as R = NO 2 or R = F lead to stronger complexes. However, in this case, the hydrogen bond between HSH and NH 3 was calculated to be somewhat stronger than the chalcogen bond (13.7 vs. 3.9 kJ mol -1 ). 
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Application in Synthesis and Catalysis
So far, the systematic application of chalcogen bonding in organic synthesis and catalysis is still in its infancy. In 2016, Matile and co-workers designed dithieno[3,2-b;2′,3′-d]thiophenes that are capable of transporting different anions. 47 In catalysis, studies by Cheong, Smith, and co-workers highlight the importance of 1,5-S···O nonbonding interactions in isothiourea-catalyzed annulations of benzazoles. 48 DFT calculations employing M06-2X/6-31+G(d,p)/PCM(THF)//M06-2X/6-31G(d)/PCM(THF) reveal the role of two 1,5-S···O interactions that are responsible for the structural preorganization leading to the lactam (left transition state in Scheme 8). In the corresponding transition state for the lactonization only one chalcogen bond is present (right structure in Scheme 8). Therefore, chalcogen bonds control the experimentally observed chemoselectivity.
Scheme 8
Influence of chalcogen bonds in isothiourea-catalyzed annulations of benzazoles 48 In 2017, Matile and co-workers employed for the first time chalcogen bonds in noncovalent catalysis. 49 Various dithieno[3,2-b;2′,3′-d]thiophenes and related compounds significantly accelerate the reductions of quinolines and imines by a Hantzsch ester (Scheme 9). Depending on the structure of the catalyst, enhancements (k cat /k uncat ) up to 1290 have been observed. The good correlation between computed chloride anion affinities and the catalytic activity as well as the inhibition by the addition of chloride ions support the initial hypothesis of chalcogen-bond catalysis. Non-annulated compounds such as 5,5′-bithiazoles (not shown in Scheme 9) are almost inactive (k cat /k uncat = 2.1) indicating that chalcogen bonding also requires a high degree of directionality.
50
Scheme 9 Chalcogen-bond-catalyzed transfer-hydrogenation of quinolines (TIPS = triisopropylsilyl) 49 In summary, chalcogen bonding seems to be a promising noncovalent interaction for catalysis, and initial proofof-principle experiments indicate that there might be a high catalytic potential in the future.
Anion-π Bonding
Origin of Anion-π Interactions
The anion-π interaction is defined as a favorable noncovalent interaction between an anion and π-acidic aromatic surfaces with positive quadrupole moments.
5e,51 In contrast to the well-studied cation-π interactions with numerous examples in catalytic reactions, 5b,52 anion-π interactions became the focus of more recent research.
53
Compared with cation-π interactions, anion-π interactions typically feature shallower potential energy surfaces and allow for three distinct structures (Figure 7) . 54 The anion can interact with one of the π* orbitals of the aromatic systems similar to a Meisenheimer complex (left in Figure  7) . If the aromatic system includes a hydrogen atom, a hydrogen-bonded complex is also feasible (middle). Finally, the anion can be placed directly above the ring centroid, resulting in a structure similar to a cation-π interaction (right). One of the reasons that anion-π interactions were neglected for a long time is the fact that aromatic rings usually have a negative quadrupole moment (Q zz < 0) and are more likely to interact with cations than anions (Figure 8, left) . This quadrupole moment inverts by adding strongly electron-withdrawing substituents to the aromatic ring ( Figure  8 , right). In these structures, an electron-poor surface is formed that can interact with anions. Three pioneering studies were performed in 2002 that confirmed the existence of favorable anion-π interactions between anions and electron-poor aromatic rings based on gas-phase computations and crystallography. 55, 56 Based on their investigations, Deyà, Frontera, and co-workers suggested the term 'anion-π interactions' for this type of noncovalent interaction. 56b Computational investigations indicate that the nature of this noncovalent interaction mainly results from electrostatic forces and ion-induced polarizations. [54] [55] [56] London dispersion forces, 5g which usually play an important role in noncovalent interactions involving aromatic rings, only play a minor role in anion-π bonding.
54-56
Thermodynamic Data
Anion-π interactions have gained significant interest in the field of supramolecular chemistry, and various excellent reviews summarize those achievements.
5e,53 Here, we will only focus on some selected examples that will serve as a general orientation. Small anions (e.g., F -) are more polarizing, which results in short equilibrium distances and more negative interaction energies (Table 3) . Planar anions such as nitrate or carbonate, however, can benefit from additional π-π interactions, which has been confirmed experimentally for nitrate-pyrimidinium complexes. 57 Johnson and co-workers analyzed the association between different halide anions and a series of neutral, tripodal receptors. NMR titrations indicated 1:1 complexes with binding energies between -6 and -10 kJ mol -1 in C 6 D 6 . Additional DFT calculations suggested that different arrangements of Figure 7 can be found within the receptors. 59 The first direct experimental observation of anion-π interactions was reported in 2010. Relying on electrospray tandem mass spectrometry, the researchers concluded that monomeric π-surfaces are ideal for chloride recognition. Based on their findings, Matile and co-workers concluded that 'a big impact on organocatalysis can be expected from the stabilization of anionic transition states on chiral π-acidic surfaces.' 60 
Application in Synthesis and Catalysis
One of the first systematic applications of anion-π bonding in catalysis was published in 2013. Matile and coworkers reported that naphthalenediimides are excellent catalysts for the Kemp elimination (Scheme 10). 61 In this reaction, the key step is the deprotonation of a benzisoxazole by a general base and the nitrophenolate is obtained through a negatively charged transition state. The anionic nature of the transition state makes the Kemp elimination the ideal reaction to study the role of anion-π interactions. Differently substituted naphthalenediimides resulted in a significant acceleration of the Kemp elimination. Rate enhancements (k cat /k uncat ) of up to 7606 were observed experimentally and a transition-state stabilization of up to 30 kJ mol -1 was estimated based on these results. However, a theoretical investigation of this reaction by Lu and Wheeler questioned the importance of anion-π interactions for the rate acceleration of this reaction. 62 Based on their computational studies on smaller model systems, they concluded that naphthalenediimides actually stabilize the substrate complex by anion-π bonding at least equally well as the transition state. As a consequence, the activation energy in this reaction is actually slightly increased (ΔΔG ‡ = 1.3 kJ mol -1 ). Therefore, the question of how anion-π interactions are involved in this remarkable catalytic effect remains unclear.
Berkessel and co-workers employed electron-deficient pyridinium ions for the activation of carbon-halogen bonds (Scheme 11).
63 Similar to the halogen-bond-based catalysts described above (Scheme 2), these pyridinium ions successfully catalyze the reactions of 1-chloroisochromane and dif- 
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ferent silyl ketene acetals in 2-10 mol% catalyst loadings. Crystal structures support the picture of an anion-π interaction and NMR titrations indicate a 1:1 complex with a binding energy of 13 kJ mol -1 . Inspired by studies of Wennemers and co-workers on stereoselective amino-catalyzed 1,4-additions of aldehydes to nitroolefines using a tripeptide as catalyst, 64 Matile and co-workers introduced π-acidic surfaces to increase the enantioselectivity in these transformations. 65 To allow for additional anion-π interactions, the authors added differently substituted naphthalenediiminides between the proline residue and the carboxylic acid (Scheme 12, top). Increasing the π-acidity of the catalyst leads to faster reaction rates and higher enantioselectivities, indicating that anion-π interactions are at work. Very recently, naphthalenediimides could also be replaced by structurally related perylenediimides in catalysis. 66 Similar catalysts have also been used by the same group in enolate chemistry. 67 In the absence of any catalyst, malonate half thioesters undergo a decarboxylation reaction instead of enolate addition in the presence of nitroalkenes. By using naphthalenediimide-based π-acidic compounds, the disfavored addition product can be obtained in very good yields (Scheme 12, middle). 67a Similarly, these catalysts can also be employed in demanding cascade reactions of enals and dinitropropanes (Scheme 12, bottom). In these reactions, six-membered rings with five adjacent stereocenters are formed and the π-acidic catalysts are comparable to typical organocatalysts (e.g., a mixture from Jørgensen-Hayashi catalyst and 1,4-diazabicyclo[2.2.2]octane (DABCO)). Although anion-π interactions have been overlooked for quite some time next to the corresponding cation-π interactions, the recent experimental investigations discussed above clearly demonstrate the catalytic potential of this noncovalent interaction for reactions involving negatively charged transition states or intermediates.
Conclusions
Catalysis with noncovalent interactions no longer refers primarily to hydrogen-bond activation. Other types of noncovalent interactions are not only comparable in strength, they are also widely used in many areas of chemistry and biology. Most of these interactions started off as toys for theoretical chemists or as curiosities and, today, the application of these interactions in catalysis is still at an early stage. Based on the different geometries required for optimal interactions, these noncovalent forces should complement the existing hydrogen-bond approach. The many proof-of-principle examples described above will eventually pave the way for a systematic application in the near future. The success of hydrogen-bond catalysis can certainly provide the motivation to achieve these goals. 
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